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(e.g., tight, medium, loose, etc.), or with different objectives (e.g., aggressive treatment, sensitive structure sparing, etc.). Similarly, 
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choose in real time from a variety of optimized plans, generally with different margins, during the treatment process, and thereby 
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METHOD FOR MODIFICATION OF RADIOTHERAPY TREATMENT DELIVERY 



METHOD FOR MODIFICATION OF RADIOTHERAPY 
TREATMENT DELIVERY 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims the benefit of U.S. Provisional Application No. 60/362,1 12, filed 
March 6, 2002, the disclosure of which is incorporated herein by reference. 



This invention relates generally to intensity modulated radiation therapy for the treatment 
of cancer or the like, and specifically to a method for precisely delivering the dose of radiation to 
a displaced target. 

Medical equipment for radiotherapy treats tumorous tissue with high energy radiation. 
The amount of radiation and its placement must be accurately controlled to ensure that the 
tumorous tissue receives sufficient radiation to be destroyed, and that the damage to the 
surrounding and adjacent non-tumorous tissue is minimized. 

The radiotherapy process typically involves treatment planning and treatment delivery. 
The radiotherapy process commonly begins with the acquisition of three-dimensional patient 
images, such as a computed tomography (CT) image or a magnetic resonance image (MRI). 
Next, relevant anatomical structures are delineated or contoured. These structures can be 
classified as either target volumes to be irradiated, or sensitive structures to* which radiation 
should be minimized. A treatment plan is then prepared that is optimized to^maximize treatment 
to the target volumes while minimizing radiation to the sensitive structures, f 
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Typically the tumor or target volume will be treated from several different angles with the 
intensity and shape of the radiation beam adjusted appropriately. The purpose of using multiple 
beams, which converge on the site of the tumor, is to reduce the dose to areas of surrounding 
non-tumorous tissue. The angles at which the tumor is irradiated are selected to avoid angles 
which would result in irradiation of particularly sensitive structures near the tumor site. The 
angles and intensities of the beams for a particular tumor form the treatment plan for the tumor. 

Due to anatomical changes caused by tumor growth, breathing, organ movement or the 
like, the intended structures may not receive the planned dose, even if the radiation therapy 
machine operates perfectly. For example, the motion of target structures relative to sensitive 
structures could cause underdosing or overdosing of those structures, respectively. A "correct" 
patient set-up does not always result in the planned dose hitting the target. It would be beneficial 
to collect reliable patient images, or fraction images, immediately prior to treatment. 
Specifically, one could contour those images, and then optimize a new plan to treat the patient 
based on the current anatomical locations. However, this process is not generally fast enough to 
be performed on-line while the patient is on the treatment couch waiting to be treated. In 
principle, if reliable patient images or fraction images could be collected immediately prior to 
treatment, those images could be contoured, and then used to re-optimize a new plan to treat the 
patient based on current anatomical locations at the time of treatment. However, because the 
patient cannot remain motionless on the treatment couch for too long, this process is typically not 
fast enough, as any movement ultimately compromises newly acquired anatomical information. 

One of the major efforts in radiotherapy has been in reducing the effect of treatment 
variations, such as beam placement errors and geometric variation of treatment targets and 
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critical normal organs. To compensate for these variations, a predefined margin around the target 
volume is utilized. This is often referred to as the clinical target volume (CTV). Theoretically, 
the use of a margin will ensure that the target volume receives the intended dose, even if the 
target is somewhat displaced. Uncertainties in the treatment process often require the delineated 
tumor volume be enlarged by a margin to a planning target volume (PTV). This margin ensures 
that the tumor receives the intended target dose. Thus, through the long fractionated treatment, 
the tumor should always be contained within the PTV. However, too large a margin results in 
delivering unnecessary dose to healthy tissues, yet too small a margin could preclude the target 
from receiving the desired dose. 

Over the course of radiotherapy treatment, the radiation is delivered in doses. A single 
dosage day is considered a dosage "fraction." From day to day, or even more frequently, internal 
organ motion can cause the target volume to move. Such movement presents a very significant 
source of imprecision. The problem is exacerbated as increasingly conformal treatments are 
attempted, such as through the use of intensity modulated radiotherapy (IMRT). As margins 
become tighter around target volumes, the success of the treatment is increasingly dependent 
upon having the target volumes precisely situated in the intended locations. The use of high dose 
gradients to avoid radiation to sensitive structures means that slight shifts of these structures can 
subject them to large unintended doses. 

The advent of on-line three-dimensional imaging for radiotherapy promises to vastly 
increase knowledge of patient anatomy at the time of treatment. It is important to have a 
knowledge of a patient's anatomy at the time of treatment. CT imaging is a particularly useful 
tool for verifying how a radiation dose was or is to be distributed with respect to the target 
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volume and margin, and can detect if sensitive structures will be or are harmed by a shift in 
position. And since CT imaging is typically used for treatment planning, it is also an appropriate 
way to monitor the patient on a day-to-day basis. It would be particularly useful to have CT 
capability integrated into a radiotherapy system because this precludes the need to position a 
patient twice and thus, minimizes the likelihood of patient motion between imaging and 
treatment. It is also desirable to use image guidance for treatment verification before, during and 
after delivery to modify treatment plans. This process is referred to as image guided adaptive 
radiotherapy (IGART) and is an extension of adaptive radiotherapy (ART). In a broad sense, 
IGART seeks to incorporate feedback into the radiotherapy process to deliver the most 
appropriate treatment for a patient on any given day, and to remedy any imperfections in earlier 
fraction deliveries. 

ART is a closed-loop radiation treatment process where the treatment plan can be 
modified using a systematic feedback of measurements. It improves radiation treatment by 
systematically monitoring treatment variations and incorporating them to reoptimize the 
treatment plan early on during the course of treatment. In the ART process, the field margin and 
treatment dose can be routinely customized to each individual patient to achieve a safe dose 
escalation. 

Typical uses for on-line imaging includes rigid-body patient positioning, indication of 
changes in internal anatomy, calculation of delivered dose, either prospectively or 
retrospectively, and reoptimization of treatments, as necessary. Dose calculations and 
reoptimizations can be very time consuming, especially for complex IMRT treatment, making 
them virtually impossible to complete while the patient is on the treatment couch. 
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Accordingly, a need exists for a method for precisely delivering a dose of radiation to a 
tumor without the need for complete dose calculations or reoptimization. 

SUMMARY OF THE INVENTION 

The present invention provides methods to utilize on-line CT, or other fraction images, 
for improved treatment delivery without the need for complete dose calculations or 
reoptimization. On-line imaging enables daily imaging of the patient in the treatment position. 
Image-guided radiotherapy utilizes these images to direct or adapt treatments accordingly. 

In one aspect of the present invention, a process herein referred to as contoured anatomy 
dose repositioning (CADR) is used to determine how to deliver proper radiation dose when it has 
been determined that anatomical changes from the plan are present. This is an automatic or 
semi-automatic way to determine how the patient should be shifted or the delivery should be 
modified to account for the anatomical changes based on the delineation of relevant anatomical 
structures. The CADR method provides an optimized position of the patient for which the 
desired targets and sensitive structures will be best situated in the dose distribution. 

Once the relative locations are determined, the application of that shift can be made by 
either moving the patient, modifying the delivery to account for the shift, or using a combination 
of the two. 

The necessary inputs to this process are: 1) the fraction CT image, 2) contours of relevant 
anatomical features in the fraction CT, 3) a dose distribution for the fraction CT, either calculated 
directly for the fraction CT, or calculated indirectly for the planning CT and aligned to match the 
fraction CT via registration, also referred to as image fusion. 
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The way in which the contours are obtained is not particular to this invention, and several 
methods are possible, including: 1) manual contouring, 2) automatic contouring, or 3) template- 
based contouring, as well as combinations of these methods. 

Given these inputs, automatic fusion is used to find a new patient position for which the 
dose distribution better reaches the target regions and/or avoids sensitive structures. This is 
achieved by defining an object fusion that quantifies how successful a certain relative patient 
position is. The automatic fusion routine searches for a patient position that the object function 
regards as most successful. Thus, CADR uses an optimization process, in the form of automatic 
fusion, but this optimization is different in nature from the dose optimization process, and is also 
significantly faster, which is why it is more useful. 

In another aspect of the invention, a process, herein referred to as multiple-margin 
optimization with daily selection (MMODS) is used to improve radiation delivery without 
reoptimization. During the initial optimization procedure, plans are optimized for several 
margins of various contours (e.g., tight, medium, loose, etc.), or with different objectives (e.g., 
aggressive treatment, sensitive structure sparing, etc.). Similarly, if multiple patient image sets 
are available, or as they become available, plans can be optimized for the different anatomical 
layouts, either using current information, or accumulated information regarding the superposition 
of organ locations in the combination of images. The physician can then choose in real time 
from a variety of optimized plans, generally with different margins, during the treatment process, 
and thereby compensate for a recognized change in size or position of the tumor or neighboring 
tissue. 
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When doing treatment delivery optimization on the planning images, contours are drawn 
to include different possible margins about the targets and sensitive structures. For example, 
contours with small margins about targets can most closely conform to the size and shape of 
those targets, but will be most sensitive to imprecision and organ motion. MMODS optimizes 
plans for several different margin sizes or contourings. Then, on any given day of the treatment, 
a user can decide which plans to deliver. Based on how the internal anatomy changes, it may be 
prudent to use a plan with a larger margin to better encompass the treatment regions, or a smaller 
margin may be desired because of the increased proximity of a target region and a sensitive 
structure on that day. 

A primary benefit of MMODS is that it does not require reoptimization. Instead, several 
approved plans are available, and for each fraction an appropriate delivery plan is chosen. While 
MMODS can function independently of CADR, they are also well suited to work in tandem. For 
example, an improved patient positioning indicated by CADR may allow the selection of a plan 
with smaller margins than otherwise needed. Or if larger margins are desired, CADR may help 
accommodate that without additional harm to sensitive structures. 

The MMODS embodiment provides multi-margin optimization with daily selection 
without the need for reoptimization or daily contouring. Instead of selecting a single planning 
target volume (PTV) margin that will provide adequate target coverage for all days of a 
treatment, plans are optimized and approved for multiple PTV margins. On-line CT imaging is 
used to inspect the daily anatomy of a patient and select the margin necessary to cover the target 
while minimizing dose to sensitive structures. 
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The goal of MMODS is to utilize on-line images to balance target coverage and sensitive 
structure avoidance based on daily anatomical information. Multiple plans are pre-optimized 
using different margins. On each treatment day, the on-line images are used to select the plan 
and margin necessary for target coverage. MMODS does not require daily contouring or 
reoptimization, and only marginally increases the time a patient is on the treatment table. 

MMODS and CADR can be used independently, or together. CADR results will 
generally determine how best to reposition the patient with respect the gantry, although this 
repositioning can be achieved in practice by either moving the patient or adjusting the treatment 
delivery. If the CADR results do not reproduce the planned dose distribution as well as desired, 
other appropriate plans (MMODS) can be selected, potentially utilizing other margin selections, 
to better account for the patient's anatomy that day, derived by various techniques such as on-line 
CT. This process can be iterated, until the preferred combination of a patient position (CADR) 
and desired plan (MMODS) is identified. 

In yet another aspect of the invention, an improved adaptive radiotherapy treatment 
method is contemplated. 

Various embodiments of the present invention are achieved by using different registration 
techniques. Basically, the planning image and fraction image are aligned to determine what 
modification is needed before treatment. This registration is preferably performed by fusion, 
which may be automated or semi-automated. 

By using the methods of the present invention, it is possible to: a) duplicate or more 
closely achieve planned radiation doses for different structures; b) mitigate degradation of 
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sensitive tissue due to anatomy changes; and c) modify doses received through adaptive 
radiotherapy. 

While the present invention is particularly useful for intensity modulated radiation 
therapy, other applications are possible and references to use with image guided adaptive 
radiotherapy using equipment having on-line CT capability should not be deemed to limit the 
application of the present invention. The present invention may be advantageously adapted for 
use where similar performance capabilities and characteristics are desired such as in adaptive 
radiotherapy or the like. 

Various other features, objects, and advantages of the invention will be made apparent to 
those skilled in the art from the following detailed description, claims, and accompanying 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective, cut-away view of a radiation therapy system providing for the 
acquisition of radiographic projections and for the generation of high energy radiation therapy; 

FIG. 2 is a block diagram of a radiation treatment method of the present invention; 

FIG. 3 is a schematic drawing of a patient having an internal structure and a dose target; 

FIG. 4 is a schematic drawing of the patient showing the dose target in an altered position 
with respect to the patient; 

FIG. 5 is a schematic drawing of the patient showing the result of a realignment of a 
respositioned dose target as a result of patient movement in accordance with an embodiment of 
the present invention; 
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FIG. 6 is a schematic drawing of a patient having an internal structure and a dose target 
similar to FIG. 3; 

FIG. 7 is a schematic drawing of the patient showing an enlarged dose target; 
FIG. 8 is a schematic drawing of a dose target margin, 
FIG. 9 is a schematic drawing of the patient showing the dose target margin 
superimposed on the internal structure and dose target of FIG. 7 to properly cover the dose target 
of the patient in accordance with another embodiment of the present invention; 
FIG. 10 is a block diagram of an adaptive radiotherapy method; and 
FIG. 1 1 is a block diagram of an improved adaptive radiotherapy method in accordance 
with yet another embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

Referring now to FIG. 1, a radiation therapy machine 10, suitable for use with the present 
invention, includes a radiotranslucent table 12 having a cantilevered top 14. The table top 14 is 
received within a bore 18 of an annular housing 20 of the radiation therapy machine 10 with 
movement of the table 12 along tracks 16 extending along a z-axis of a Cartesian coordinate 
system 22. 

Table 12 also includes an internal track assembly and elevator (not shown) to allow 
adjustment of the top 14 in a lateral horizontal position (indicated by the x-axis of the coordinate 
system 22) and vertically (indicated by the y-axis of the coordinate system 22). Motion in the x 
and y directions are limited by the diameter of the bore 18. 

A rotating gantry 24, coaxial with the bore 18 and positioned within the housing 20, 
supports an x-ray source 26 and a high energy radiation source 28 on its inner surface. The x-ray 
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source 26 may be a conventional rotating anode x-ray tube, while the radiation source 28 may be 
any source of treatment radiation including one producing x-rays, accelerated electrons, protons 
or heavy ions such as are understood in the art. The x-ray source 26 and a radiation source 28 
rotate with the gantry 24 about a center of rotation 64 near the top of patient table 12 when the 
table top 14 is positioned within the bore 18. 

The x-ray source 26 is collimated to produce a fan beam 30 lying generally within the x-y 
plane and crossing the bore 18 and thus the table top 14 when table top 14 is positioned within 
the bore 18. The fan beam 30 diverges about a central axis 31 whose angle is controlled by the 
position of the gantry 24. The axis 31 will henceforth be termed the projection axis. 

After exiting the table top 14, the fan beam 30 is received by a linear array detector 32 
positioned diametrically across from the radiation source 28. Thus, the rotating gantry 24 
permits fan beam radiographic projections of a patient on the table top 14 to be acquired at a 
variety of angles about the patient. 

The radiation source 28 is mounted so as to project a fan beam of high energy radiation 
34, similar to the fan beam 30, but crossing fan beam 30 at right angles so as to be received on 
the other side of the gantry 24 by radiation detector and stop 36. In an alternative embodiment, 
the stop is replaced by a detector to provide an alternative to the detector 32 for deducing motion 
of the patient. The fan beam of high energy radiation 34 diverges about a radiation axis centered 
within the beam and perpendicular to the projection axis 31. 
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The radiation source 28 has a collimator 38 mounted in front of it to divide the beam of 
high energy radiation 34 into multiple adjacent rays whose energy and/or fluence may be 
individually controlled. 

A computer 40 having a display screen 42 and user entry mouse and keyboard 44 well 
known in the art is connected to the radiation therapy machine 10 to control motion of the table 
12 and to coordinate operation of the gantry 24 together with the radiation source 28 and x-ray 
source 26 and to collect data from the linear array detector 32 during a scan of the patient 
according to methods well know in the art. 

FIG. 2 is a block diagram of a radiation treatment method of the present invention. 

The method of the present invention uses on-line CT or other means of obtaining fraction 
images to improve the delivery of radiation to a target structure without complete reoptimization 
of a radiation therapy plan. More particularly, when a patient's pretreatment set-up position and 
internal anatomy positions for a prescribed fraction differ from the planning position by only 
rigid-body rotations and translations, then these patient offsets can be determined using existing 
methods, and likewise corrected either by moving the patient, or modifying the delivery to reflect 
the displaced position. However, in the case of internal anatomy changes, the "correct" patient 
repositioning dictated by conventional methods may not result in the desired dose distribution to 
any targets and sensitive structures. Instead, one may use CADR to move the patient to a 
preferable position (or translate the treatment) with regard to the dose distribution and/or use 
MMODS to select an alternate treatment plan that is more appropriate for achieving the desired 
dose distribution given the patient's current anatomy. 



WO 03/076003 



13 



PCT7US03/07014 



The necessary information needed to perform CADR is: 1) a fraction image, and 2) a dose 
distribution for the fraction image, either calculated directly therefrom, calculated indirectly and 
aligned to match the fraction image via registration or otherwise estimated. CADR may also 
require contours of relevant anatomical features in the fraction image, which may be obtained by 
any method, including, but not limited to manual contouring, automated contouring, deformable 
fusion, template-based automatic contouring, or a combination thereof. After the contours are 
determined, registration is performed between a combination of the planning image, planning 
contours, and planning dose distribution and a combination of the newly obtained fraction image, 
fraction contours, and fraction dose distribution. Registration is used to find a new patient 
position for which the dose distribution better reaches target volumes and/or avoids sensitive 
structures. This registration may be performed by a technique called fusion, and can utilize dose 
and contour information in addition to the image information commonly used to align images. 
The fusion process may be automated by defining a mathematical function that quantifies the 
success of a certain relative patient position. Preferably, an automatic fusion or deformable 
fusion routine is used to search for a patient position that the mathematical function regards as 
most successful. 

In another embodiment of the present invention, a semi-automatic fusion method may be 
used to enable the physician to incorporate dosing preferences. For example, several functions 
may be created according to preferences (e.g., very aggressive treatment, greatest sparing of 
sensitive structures, etc.), and optimal patient repositioning could be determined for each 
function. The physician could then choose from those results. For further interaction, the 
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physician could change the function, or any weighting applied to the different terms of the 
function. 

In yet another embodiment, the fusion method could be further advanced by training the 
system with regard to preferred weights. In this embodiment of the present invention, the 
physician is presented with a series of choices between two possible dose distributions (based on 
relative patient displacements). Based on the physician's selections, the preferences regarding 
the weights in the objective function could be further defined. A single person could "train" 
multiple functions for different treatment sites or different treatment goals. 

If a patient's set-up for a treatment fraction differs from the planning position by only 
rigid-body rotations and translations, then there are two basic methods to remedy the situation. 
One is to move the patient to the correct position. The other is to modify delivery parameters to 
account for the patient's current position. A hybrid approach is also possible. Theoretically, 
either technique could perfectly restore the planned delivery, although in practice there are some 
limits from the imprecisions the repositioning and delivery modification. 

However, if a patient's anatomy has changed, then methods for repositioning and/or 
delivery modification are less obvious, shy of contouring and reoptimization as mentioned above. 
Nonetheless, one can use the planned delivery and the fraction CT to calculate the dose that 
would be delivered for the patient's current position. Similarly, one could estimate the dose that 
would be delivered to the patient in the current position by modifying the planned dose delivery. 
Image registration between the planning and fraction images could determine their relative 
alignment. Then applying the same transformation to the originally planned three-dimensional 
dose distribution would show how it was received by the structures in the fraction image. There 
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is a generally small imprecision in using this latter approach because the dose calculation will not 
be based on the most current patient representation. Nonetheless, the larger concern is not so 
much how the dose calculation changes in terms of dose deposited to each location in space, but 
the locations of targets and sensitive structures relative to the dose deposition. 

The same concept applies to small shifts in the patient's position. The dose distribution 
in physical space is not significantly affected, but the structures in the patient that receive those 
doses may change a lot. A simple example is shown in FIGS. 3-5. A treatment delivery is 
planned to deliver a high dose of radiation to an internal region inside the patient, as shown in 
FIG. 3. However, as shown in FIG. 4, the structure has moved relative to the rest of the patient, 
moving it away from where the dose is delivered. The anatomy shifts, as revealed in a fraction 
image, such that the treatment region is displaced relative to the rest of the patient. If the patient 
is set-up "correctly". based on the patient's boundary, then the dose distribution in physical space 
will be virtually unchanged, dotted ring in FIG. 4, from where it was intended. Yet this 
distribution will no longer reflect the location of the intended treatment region. However, by 
shifting the entire patient, as shown in FIG. 5, to the left, the target region will again be in the 
region of high dose, with the patient's original position indicated by the dashed line. The change 
to the dose calculation from such a shift will be generally small, whereas the effect on whether 
targets get hit, or sensitive structures are avoided, is much greater. 

Referring again to FIGS. 3 and 4, it is demonstrated how the dose distribution to the 
target volume can be significantly affected by physical changes in the patient. In FIG. 3, a 
treatment delivery is planned to deliver a high dose to a dose target 68 in a patient body 66. In 
the fraction image of FIG 4, the internal region 66 has shifted relative to the rest of the patient 
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body 66. During treatment set-up, if the patient body 66 were aligned in accordance with the 
treatment plan, the dose distribution will no longer reflect the location of the intended treatment 
region. 

If the entire patient body 66 is shifted appropriately the dose target 68 may be aligned to 
receive a preferable dose. (See FIG. 5 with the patients original position indicated by the dashed 
line). The CADR process seeks a patient position that achieves this preferable dose, and can 
utilize not only image information, but also dose and contour information to determine this 
position. Consider that this body shift may bring sensitive structures into play that were not 
previously considered, and so any such structures are also included in the optimized 
repositioning. The dose information needed for the fraction image can be calculated directly, 
estimated, or indirectly computed by transforming the planned three-dimensional dose 
distribution based upon the relative image alignments. Though a small imprecision in dose 
calculation (in terms of dose deposited to each location in space), can occur because the dose 
calculation will not be based on the most current patient representation, such imprecision is 
insignificant as compared to the potential under-or over-dosing of the target and surrounding 
structures. Rather than shift the entire patient body, if the radiation delivery system allows, the 
entire treatment may instead be translated to more conveniently achieve an equivalent result. 

The entire CADR process may be automated, including the fusion process. Some typical 
mathematical functions used for fusion or registration include terms for integral doses, first and 
second moments of the differential dose volume histograms (DDVHs), absolute differences and 
exponentiated differences between planned and potential DVHs, and percent-volume of a 
structure receiving above or below certain doses. These different metrics are often weighted and 
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combined with terms for each contoured structure. The combination of these or other terms can 
provide a single function that can be optimized for automatic CADR. 

Adjustments may also be made using multiple-margin optimization with daily selection 
(MMODS). In MMODS, contours are drawn during the optimization process to generate 
different possible margins about the target structures and sensitive structures. For example, 
contours with small margins about targets can most closely conform to the size and shape of 
those targets, but will be most sensitive to imprecision and organ motion. MMODS is used to 
optimize plans for several different margin sizes or contours. Thus, on any given day of the 
treatment, the physician can decide which optimized plan to deliver. Depending on how the 
patients internal anatomy changes, it may be prudent to use a plan with a larger margin to better 
encompass the treatment structures; or it may be prudent to use a plan with a smaller margin 
because a target structure may be in closer proximity to a sensitive structure on the day of 
treatment. A primary benefit of MMODS is that it does not require complete re-optimization at 
the time of treatment. Instead, several optimized plans are available, and for each fraction, an 
appropriate delivery plan is chosen. 

A similar implementation of MMODS would be to optimize one or more treatments 
during the planning stage, but also to optimize additional plans based upon images acquired 
using an on-line imaging system or other modality for obtaining more current anatomical or 
physiological representations of the patient. For example, additional optimizations might be 
based upon either the newest data sets, or upon accumulated information over multiple data sets. 
On each subsequent day, a treatment plan can be selected based upon whichever of the different 
planning images best resembles that day's fraction image, or based upon the set of contours that 
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best cover the targets while avoiding sensitive structures. In this regard, any image or set of 
images that is used to generate a new treatment plan is considered a planning image. As an 
example of MMODS, the preferred contour for a given target region (including margin) might be 
the one shown in FIG 6. However, knowing that target regions may change from day to day, an 
additional optimization is created for the larger target region shown in FIG 5. Thus, if the 
fraction image FIG 6 indicates that the target region has changed, MMODS plan with the 
expanded margin can be selected FIG 8 to properly cover that day's target region. 

The multi-margin optimization can be generated in such a way that the optimization with 
the smallest or a particular margin is minimally perturbed by including the optimization 
corresponding to the subsequent margin. This concept of a set of linked but independent 
optimizations allows the use of this technique during very short periods of time. For instance in 
cases where the anatomy can move during very short periods of time and the information about 
this movement is feedback to the delivery system, the pre-calculated optimization can be used to 
quickly adjust the margins of the treatment delivery. This additional optimization for extra 
complete or partial regions ultimately enables the treatment delivery to be rapidly modified to 
account for anatomy changes before or during delivery. 

While MMODS and CADR can function independently of one another, the methods can 
be used together. For example, the improved patient positioning indicated by CADR may allow 
the selection of a plan with smaller margins than otherwise needed; or if larger margins are 
desired, CADR may help accommodate that without additional harm to sensitive structures. 

A typical radiation treatment session using CADR and/or MMODS is performed in the 
following steps. (1) Obtain a new patient image to determine the relative location of the target 
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complete or partial regions ultimately enables the treatment delivery to be rapidly modified to 
account for anatomy changes before or during delivery. 

While MMODS and CADR can function independently of one another, the methods can 
be used together. For example, the improved patient positioning indicated by CADR may allow 
the selection of a plan with smaller margins than otherwise needed; or if larger margins are 
desired, CADR may help accommodate that without additional harm to sensitive structures. 

A typical radiation treatment session using CADR and/or MMODS is performed in the 
following steps. (1) Obtain a new patient image to determine the relative location of the target 
and sensitive structures. (2) Compare prior treatment plan and MMODS plans to the new images 
and select an appropriate plan. (3) Adjust the patient position using CADR to better position the 
internal anatomy relative to the delivered dose. (4) Iterate as necessary, to best combine a 
treatment plan and a patient position to achieve the desired dose distribution. (5) Deliver the 
selected plan to the patient. This plan may include additional modifications to account for the 
rigid-body displacement dictated by CADR without need for physically moving the patient. 

CADR, and the concept of optimized dose-based repositioning can use any appropriate 
object function. The object function can be adjusted to different tasks or preferences, with 
weights for target coverage, sensitive structure dose, etc. Common CADR objective function 
terms include least-squares differences, moments, minimum/maximum DVH points. 

This invention is not specific to a single objective function, but regards the use of 
automatic fusion with an object function to determine an improved patient position relative to the 



WO 03/076003 



20 



PCT/US03/07014 



planned dose delivery, which could be implemented either by changing the patient position or by 
modifying the treatment delivery to account for the desired shifts or rotations. 

Some typical object functions that have been used include terms for integral doses, first 
and second moments of the differential dose volume histograms (DDVHs), absolute differences 
and exponentiated differences between planned and potential dose volume histograms (DVHs), 
and percent-volume of a structure receiving above or below certain doses. These different 
metrics are often weighted and combined, with terms for each contoured structure. 

The combination of these or other terms can provide a single objective function that can 
be optimized for automatic CADR. However, a semi-automatic approach may also be used to 
enable the user to incorporate preferences. For example, several objective functions may be 
created (e.g., very aggressive treatment, greatest of sparring of sensitive structures, etc.) and an 
optimal patient repositioning could be determined for each. The user could then choose from 
those results. 

For further interaction, the user could change the objective function, or the weights 
applied to the different terms of that function. For example, the user might indicate different 
relative importances of the doses hitting different structures. 

This concept could be further advanced by training the system with regard to a user's 
preferred weights. The user could be presented with a series of choices between two possible 
dose distributions based on relative patient displacements. Based on the user's selections, the 
user's preferences regarding the weights in the object functions could be honed. A single user 
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could also train multiple objective functions for different treatment sites or different treatment 
goals. 

This daily position optimization process takes seconds, as opposed to full re-optimization, 
which can take substantially longer. CADR is preferable to external fiducial or bony-anatomy 
repositioning, because it accounts for displacements of targets and sensitive structures relative to 
bones or fiducials. Results indicate that CADR can improve upon the DVH's that would be 
expected with fiducial or bony-anatomy based positioning amidst internal anatomy changes. 

FIG. 10 is a block diagram of an adaptive radiotherapy method. 

FIG. 1 1 is a block diagram of an improved adaptive radiotherapy method in accordance 
with yet another embodiment of the present invention. 

There have been many proposals to address the Adaptive Radiation Therapy (ART) 
process. This is the process of adapting each treatment fraction while maintaining a physician's 
prescription. An embodiment of the present invention provides an optimized process for ART. 
It is a knowledge-based system that leverages unique tomotherapy features. 

As shown in the FIG. 1 1, the process of using high quality diagnostic images (Box 1, 
CToiag), contouring (Box 2), and plan/optimization (Box 3) are well known processes in the 
delivery of modern IMRT treatments. The process of acquiring verification CT images Box 4, 
VRCTfracCdi)) for first day fraction (dl, and subsequent days (dn)), for the purpose of verifying 
the treatment position, is a process unique to the present invention. The use of on-line CT 
imaging capability gives the user the option of electronically fusing (Box 5) the CToi a g image 
with the VRCT Fra c(di) image to determine patient set-up errors (Box 7). The VRCT image also 
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provides important information related to critical structure motion. This embodiment uses these 
daily VRCT images to track target and critical structure motion. Each fraction requiring a VRCT 
increases the system knowledge-base, thereby increasing ART options. 

Referring back to FIG. 1 1, on the first day of treatment, the system would load the CToiag 
plan and treat (Box 9 and 10). No ART is possible because there are no VRCTs in the database. 
After the treatment, and at some off-line time, a new plan could be developed using the 
verification image VRCT FraC (di) (Box 13 and 14). The plan would be based on the original 
physician prescription for treatment and stored (Box 16). At this point, multi-contour margins 
may be developed by interpolating from CT^ to VRCT FraC (di). This process could also include a 
physician review option (Box 15). 

On the second day, the system would begin the process of comparing, via fusion methods, 
VRCT Fra c(d2) image with VRCT FraC (di) and CToiag to determine best fit characteristics (Box 1 1). 
The best fit would determine the best plan to be used. The system would continue to learn with 
each VRCT and as time progressed, the system would accumulate many optimized plans, based 
on the physician's original prescription (including DVH constraints), providing the best ART 
treatment. 

While the invention has been described with reference to preferred embodiments, it is to 
be understood that the invention is not intended to be limited to the specific embodiments set 
forth above. Thus, it is recognized that those skilled in the art will appreciate that certain 
substitutions, alterations, modifications, and omissions may be made without departing from the 
spirit or intent of the invention. Accordingly, the foregoing description is meant to be exemplary 
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only, the invention is to be taken as including all reasonable equivalents to the subject matter of 
the invention, and should not limit the scope of the invention set forth in the following claims. 
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CLAIMS 

We claim: 

1 . CADR finds an optimal position of the fraction image, relative to the dose 
distribution, such that the dose received by relevant structures for the fraction is improved. 

2. The dose distribution used for CADR can either be calculated directly for the 
fraction image estimated, or obtained indirectly based upon the planning image dose distribution, 
possibly in conjunction with image registration. 

3. The objective function optimized is flexible, and can include terms to achieve 
goals such as: a) mimicking the planned doses for different structures, b) improve upon those 
doses if possible, or mitigating degradation amidst anatomy changes, c) modify doses received if 
desired (e.g., new found concern for sparing a certain structure), such as through adaptive 
radiotherapy. 

4. A single objective function is possible, but not necessary. Instead, multiple 
objective functions can be used, and the user can select a preferred result. 

5. Objective functions and weightings can be adjusted by the user to fine-tune 
CADR results in different cases. 

6. Objective function weights can be learned by the system based upon user training. 

7. Results can be utilized either by moving the patient, modifying the delivery, or 
some combination of the two. 
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8. Any contours needed for CADR can be generated by any available method, 
including but not limited to, manual contouring, automated contouring, deformable fusion, 
template-based automatic contouring, or a combination thereof. 

9. MMODS can be used to pre-optimize multiple plans with different margins (e.g., 
tight, medium, loose), or with different objectives (e.g., aggressive treatment, sensitive structure 
sparing). An appropriate plan can be selected each day from the optimized possibilities, based 
upon best estimates of the patient's anatomy that day. 

10. MMODS and CADR can function independently, but can also be used together. 

1 1 . The MMODS and CADR processes are not specific to a particular imaging 
modality or means of image acquisition, but can be applied to any form of obtaining more current 
patient positioning or anatomical information. 

12. The MMODS and CADR processes can be applied using any available planning 
images, which includes both initially available images and related treatment plans, but also to 
plans created with any images obtained subsequent to initial planning (such as during the course 
of treatment). 

13. The process of plan selection in MMODS, and the process of repositioning in 
CADR, can utilize information including but not limited to image information, contour 
information, dose-volume-histograms, and dosimetric information. 
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